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Protein Theory and Simulations
Protein modeling : Analytical approaches 
(GNM), chemical kinetic equations, 
molecular simulations (AMBER, XMD), 
ab initio calculations (VASP)  (in 
collaboration with Materials Research 
Institute, Penn State)

Confined 
Environments: 
Protein-Surface 
Interactions

Protein Design 

LION-XM
128 node super 
computers (cost 
½ million $)



Representation of a polymer chain

Proteins are 
heteropolymers 
made of amino 
acids

Repeating 
unit



MOLECULAR DYNAMICS SIMULATIONS
• A deterministic method based on the solution of Newton’s equation 

of motion
Fi = mi ai

for the ith particle;  the acceleration at each step is calculated from 
the negative gradient of the overall potential, using 

Fi = - grad Vi - = - ∇ Vi

LIMITATIONS OF MD
• Full atomic representation noise 
• Empirical force fields  limited by the accuracy of the potentials
• Time steps constrained by the fastest motion (bond stretching of the order 

of femtoseconds)
• Inefficient sampling of the complete space of conformations
• High computational cost: Limited to small proteins (100s of residues) and 

short times (subnanoseconds)
ALTERNATIVE METHOD

COARSE GRAIN SIMULATIONS



Demirel, M.C. (with others) 
Protein Science, 
December 1998

GAUSSIAN NETWORK MODEL (GNM)

Γ-1=(γ/3kBT)*<∆R∆RT>

Γ: Connectivity matrix, ∆R: fluctuation of each residue



Chymotrypsin
inhibitor-2 64 residues 

CONTACT MAP (CONNECTIVITY MATRIX)

Demirel  et al. (1998), Protein Science, v7, 2522



… of theoretical (thick 
curve) and experimental 
(thin curve) B factors for 
Chymotrypsin inhibitor 2 
(2ci2), C2 protein (1cot), 
and CHE-Y protein (3chy)

COMPARISON

Atilgan, et al., 2001, Biophysical Journal, v80, 50.



Γ-1=(γ/3kBT)*<∆R∆RT>

SLOW AND FAST MOTION 
FUNCTION AND STABILITY

Bahar, et al., (1998), Physical Review Letters,  v80, 2733 

HIV-1 protease



Eigenvalue Distribution
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Eigenvalue distributions are similar for proteins 
which have equal length

Length=65



Connectivity and Force constant 

532 protein X-ray crystallography data which is extracted from PDB:  
connectivity is linearly varying with the protein length and γ is a 
constant (~1 kcal/mol Å2)

A universal constant 
for protein structures !

0 50 100 150 200 250 300

0

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

C
on

ne
ct

iv
ity

 connectivity

protein length
50 100 150 200 250 300

-5

0

5

10

15

Fo
rc

e 
co

ns
ta

nt  γ = force constant

protein length



DNA topo II and GyrA
crystallographically determined fragments 
shown in two different views each. 

Colors denote the functional motions 
obtained from GNM mode analysis

Demirel (with others) 1999, Int. J. Quantum 
Chem., Vol. 75,, pp. 301

Proposed molecular 
mechanism for the 
reaction of DNA 
topo II.

FUNCTION



STABILITY

Fast modes 
determine 
stability

Demirel  et al. (1998), Protein Science, v7, 2522



Elastic Network Model: Summary

Structure Contact Map Fluctuation
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Structure Contact Map Fluctuation

Demirel, M.C., Cherny, D., Clustering and Diversity of Surface 
Fluctuations for Proteins, submitted, 2004
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“BUILDING BLOCKS” of PROTEINS
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CLUSTERING OF FLUCTUATIONS



The highly flexible regions are 
shown in blue and the least 
flexible with red. 

SH3 domains are from nematode 
C. elegans (pdb.3sem) (a) and H. 
sapiens (pdb.5hck) (b) ; ubiquitin
is from E. coli (pdb.1f0z) (c) and 
H. sapiens (pdb.1ubi) (d); and 
hemoglobin is from Paramecium 
(pdb.1dlw) (e) and H. sapiens 
subunit (pdb.1bz0, chain B) (f). 

less complex        more complex

PROTEIN COMPLEXITY FROM FLUCTUATIONS

Demirel, M.C., Keskin, O., Protein Interactions and 
Fluctuations in a Proteomic Network using an Elastic 
Network Model, Vol 22, JBSD, 2004 



Conclusion
• Elastic network models are successful in describing 

equilibrium protein motions. 
– Experimental results (X-ray, NMR relaxation) agree well with 

this simple model.
– Our approach introduces a new concept for classifying building 

blocks of proteins based on thermal fluctuations. 
– Large biological assemblies (viruses, structural proteins-titin, 

biomachinaries) can be simulated using elastic network models

• Protein Networks will open new avenues for biology / 
biophysics applications. Understanding binding of 
proteins will improve our conceptions about “how nature 
design proteins”.



Outreach: Quantitative Bioscience 
seminars at Penn State 
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